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Introduction
Three recent studies from different laboratories on photoion-pair formation in some halomethanes have been reported. [1] [2] [3] In two of these 1, 2 it was concluded that the process was predominantly due to direct absorption into the ion-pair state continuum rather than via doorway Rydberg states that couple to this continuum. This is in contrast to our interpretation of the photoion-pair formation yield for some diatomic halogens, interhalogens and hydrogen halides recorded as a function of excitation energy using both synchrotron [4] [5] [6] [7] and vacuum ultraviolet (VUV) laser excitation. 8 All of the spectra were structured and several Rydberg series were identified. The high-resolution VUV laser-excited spectra of I 2 and ICl were shown to closely follow the one-photon absorption cross-sections and no direct absorption to the free ion-pair continuum was observed. Hence it was concluded that all of the Rydberg states that are accessed act as efficient doorway states to ion-pair production in these diatomics. However, it was argued by Xu et al. 1 that their halomethane results cast some doubt on our interpretation of photoion production in diatomics. They suggested that the structure in their photoionpair formation spectra was vibrational, arising from the difference in the geometry of the ground and ion-pair states.
To resolve the question of whether there really is a difference between the mechanism of photoionpair production in the halomethanes and the diatomic halides, we re-investigate this process in jetcooled bromomethane (CH 3 Br) using some sets of data accumulated in our laboratory over recent years, namely the VUV laser-excited photoion-pair formation spectrum in one narrow wavenumber region near the threshold for free-ion formation and a larger data set from (2 + 1) and (3 + 1) resonance enhanced multiphoton ionization (REMPI) spectra up to the first ionization energy (IE).
We use this extended data set as an aid to the classification of the states appearing in the ion-pair production spectrum. Propensity rules for one-, two-and three-photon absorption will be proposed.
From these, it will be shown that the results of the earlier studies [1] [2] [3] are entirely consistent with the free ion-pairs being formed predominantly by absorption into Rydberg doorway states. The difference between the structure observed in the photoion-pair formation spectrum and that in the absorption spectrum is explained in terms of the different W values of the Rydberg states that are dominant in the two experiments.
Experimental
The molecular beam was generated by passing one atmosphere of pure CH 3 Br through a pulsed nozzle (General Valve, Iota One) with a 250 mm diameter aperture, into the ionization region of a linear time-of-flight mass spectrometer. Ions were collected at 90 0 to both the molecular and laser beams. Mass-resolved ion signals (both positive and negative in the photoion-pair experiments) were processed by a Stanford Research SR250 boxcar integrator and stored on a PC.
The radiation in the REMPI experiments, provided by a Lambda Physik FL3002 dye laser pumped by a Lambda Physik EMG201MSC XeCl excimer laser, was focused by a 6 cm -1 focal length lens into the interaction region with the molecular beam. The frequency-doubled outputs of the dyes RB, R6G, C153, C307 and C102 were used to record the (2 + 1) REMPI spectra and the fundamental outputs of C47, C120, S3, PBBO, QUI and DMQ were used for the (3 + 1) REMPI spectra. In both experiments, circular polarization was achieved by passing the beam through a Soleil babinet prism. All (2 + 1)
REMPI spectra were normalized to the square of the simultaneously recorded laser power. The laser wavelengths were calibrated using a combination of Br atomic lines and Ne optogalvanic lines.
The photoion-pair formation spectra were recorded using VUV laser radiation which was generated by four-wave difference frequency mixing in Kr gas. A Lambda Physik EMG201MSC XeCl excimer laser was used to pump two Lambda Physik dye lasers. The frequency doubled output of S3 provided a fixed frequency set to the two-photon resonance in Kr at 94094 cm -1 . The third, tunable photon was provided by the fundamental of the dyes C153, R6G, RB and R101. The VUV radiation was generated by combining the two beams collinearly and focusing them with a 20 cm focal length lens into a cell containing 10-20 Torr of Kr. The VUV output, covering the range 75700-78700 cm -1 with a bandwidth of ~0.3 cm -1 , was re-focused, using a translatable 5 cm focal length LiF lens, into the pulsed molecular beam of CH 3 Br. In the present experiment, the visible and UV, as well as the VUV radiation, cross the molecular beam which can result in a range of two-color excitation schemes.
However, because of the widely different wavelengths of the three beams they have significantly different focal points and it is possible, by careful positioning of both lenses, to selectively produce single photon VUV or VUV + UV/VIS excitation. Only the former configuration was used in the present studies. The VUV was monitored by directing the beam exiting the ionization chamber, via an Acton Research Corporation VM-502 vacuum monochromator onto a Hamamatsu R1459 solar blind photomultiplier tube.
The Classification and Assignment of Rydberg States of CH 3 Br
We will label the Rydberg states of CH 3 Br using the same description as that used 9 
where d l is the quantum defect for the l series and the dependence of d l on the state of the core and the remaining quantum numbers l Ry and W has been omitted for brevity. The quantity that can be deduced directly from experimental term values is the effective principal quantum number, n* = n − d l .
However, this step depends on using the correct IE for the series and an increasingly accurate value is needed as n increases in order to distinguish between series converging on the same limit. d l can be found from n*, but only to modulo 1 because of the arbitrary choice of n which must be made for the first observed member of a series. For near-integer values this can lead to ambiguity; e.g. n* = 3.05
cannot by itself distinguish between a 6s state with d = 2.95 and a 4d state with d = 0.95 and only if the first member of a series can be identified can this dilemma be resolved. The differentiation between p and f series is usually unambiguous because the latter will have n* values which are nearly integral whereas in the former they will be approximately half-integral.
Recent ZEKE photoelectron studies 10 some uncertainty in the assignment of the higher-n Rydberg states in the absorption spectrum. In the present study, the values obtained from the ZEKE study are used throughout.
In CH 3 Br, the lowest ion-pair state dissociates to CH 3
, so has W = 0. We propose, as in the hydrogen halides, that the only Rydberg states that strongly couple with the ion-pair state, and thus act as doorway states to photoion production, are those with W = 0 and some singlet character. Therefore, the first aim of this study is to identify, using (2 + 1) and (3 + 1) REMPI spectra, or a sub-set of them, are responsible for the structure in the one-photon photoion-pair formation spectra.
Results

A. The VUV Laser-excited Photoion-pair Formation Spectrum
The VUV laser-excited photoion-pair formation spectrum of jet-cooled CH 3 Br between 76500 and 78700 cm -1 is shown in Fig. 1(a) . The three sections of the spectra were recorded by scanning the wavelength of the tunable, third, photon over the range of the dyes, R6G (i), RB (ii) and R101 (iii).
The spectra have not been power normalized and the baselines of the three sections have been offset for display purposes. All spectra were recorded by collecting CH 3 + with the exception of the upper trace of (a) (iii) which was recorded by collecting 79 Br − . In (a), sections (i), (ii) and (iii) were recorded by scanning the wavelength of the third photon over the lasing range of the dyes R6G, RB and R101, respectively. In We attribute the spectrum purely to VUV photoion-pair formation rather than to a multiphoton process that also involves an additional UV/VIS photon for three reasons. First, the spectra shown in (i), (ii) and the lower trace of (iii) were recorded by collecting CH 3 + , but the same structure was observed, albeit more weakly, by collecting Br − . A small portion of the spectrum recorded by collecting 79 Br − is shown in the upper trace of (iii). We attribute this weaker negative ion signal, which is commonly observed in photoion-pair production below the first electronic IE, to a difference in detection efficiency. In any case, in CH 3 Br, the Br − signal would be half that of CH 3 + because the former is detected at mass 79, one of two equal isotopic channels, but the latter appears in a single mass channel. Second, the wavenumber region down to 75700 cm -1 was also generated by scanning the third photon over the range of the dye C153. However, no CH 3 + signal was observed below the theoretical threshold for photoion-pair formation 1 at 76695 cm -1 , indicated by an arrow in Fig. 1(a) , even though an intense band at 75822 cm -1 , assigned to a [3/2]6p;0 Rydberg state, is observed in the VUV absorption spectrum. Third, structure in our spectrum corresponds to that excited by synchrotron radiation, 2,3 where two-photon processes can be ruled out.
Five peaks (Bands 1-5), all of them quite broad, are observed at 77359, 77554, 77970, 78230 and 78390 cm -1 . The first two combined correspond to the broad feature at 9.6 eV and the other three to the three-headed band centered at 9.7 eV in the synchrotron-excited absolute photoion-pair formation spectrum of Shaw et al. 2 The present spectrum is also generally consistent with a lower-resolution synchrotron-excited photoion-pair formation spectrum reported by Locht et al., 3 although the band positions appear to be offset by ~100 cm We will now try to identify some of these from the (2 + 1) and (3 + 1) REMPI spectra and see if their positions match those of the peaks in the photoion-pair formation spectrum. What follows is one particular set of assignments that are self-consistent and can explain the observations reported in previous photoion-pair formation spectra.
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B. The (2 + 1) REMPI Spectrum
The (2 + 1) REMPI spectrum of jet-cooled CH 3 Br between 65000 and 85000 cm -1 is shown in Fig. 2 .
The spectrum is a composite of several shorter scans each of which is normalized to the square of the laser intensity. These scans are then normalized to each other using the intensities of bands that are common to neighboring sections. However, some uncertainties in the relative intensities of the bands remain. The first IE at 85031 cm -1 is indicated by an arrow. In assigning the two-photon spectrum of CH 3 Br the first comparison to be made is with the equivalent spectrum of Br 2 . In the centro-symmetric Br 2 , two-photon transitions from the gerade ground state are allowed only to the gerade ns and nd Rydberg states of the series that converge on the ground state of the ion. Although weak transitions to three of the four 5s states were observed, all of the remaining bands were assigned to nd states. 9 More specifically, four strong bands were observed in each nd cluster, [3/2] nd;2,0 and [1/2]nd;2,0. In each pair, the W = 2 band appeared at lower energy than the W with circularly polarized (CP) light than in those recorded with linearly polarized (LP) light and were described as polarized bands. The remaining bands were more intense in the CP spectrum and were said to be depolarized. Very few W = 1 bands were observed and these were all very weak.
The analogous nd states are also observed in the (2 + 1) REMPI spectrum of CH 3 Br. Two nd series with (n = 4-16) converging on the first IE are identified; for n ³ 11, the two states with a common n are not resolved. Two nd series with (n = 4-6) converging on the second IE are also identified.
Transitions to one np series converging on each of the two lowest IEs, with (n = 5-8) and (n = 5-7), respectively, are also observed. The analogous transitions to np states were not seen in the Br 2 spectrum as two-photon transitions from the gerade ground state to the ungerade np states are forbidden.
As in the Br 2 spectrum, the higher energy band of each pair that are assigned to nd states with a common n and ionic core is polarized, unambiguously labeling them as W = 0 states. Although polarization cannot distinguish between W = 1 and W = 2 states in two-photon spectra, by analogy with the Br 2 spectrum, the lower energy band of each pair is labeled as an W = 2 state. All of the observed np states are polarized, i.e. have W = 0. The assignments, effective quantum numbers and transition wavenumbers of the bands observed in the (2 + 1) REMPI spectrum are presented in Table   1 .
Table 1. (next page →)
The assignments, effective quantum numbers (n*) and transition wavenumbers of the bands observed in the one-, two-and three-photon spectra of CH 3 Br. The effective quantum numbers are calculated using IEs of 85031 and 87615 cm -1 . 
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C. The (3 + 1) REMPI Spectrum
The (3 + 1) REMPI spectrum of jet-cooled CH 3 Br between 65000 and 85000 cm -1 is shown in Fig. 3 .
No power normalization of these spectra was carried out. The intense, broad band indicated by a star is due to (2 + 1) REMPI via the [3/2]5s;1 state.
The three-photon spectrum is dominated by transitions to nf Rydberg states: nf series with (n = 4-16) and (n = 4-5) converging on the first and second IEs, respectively, are identified. The assignment to nf states is based on intensity arguments. As the cluster of bands around 78000 cm -1 is approximately an order of magnitude more intense than that around 73000 cm -1 , it is reasonable to assume that the former consists of the different W components of the first member of a Rydberg series. Assuming that both clusters are due to Rydberg states with a 2 P 3/2 ionic core, they have n* values of ~4 and ~3, respectively. It is only nf series whose first members have n* values of ~4. Transitions to the first member of all of the nl Rydberg series observed in the two-photon spectra are also observed here. While the 5p state bands are intense in both spectra, the 4d state bands that are intense in the two-photon spectrum are weak in the three-photon spectrum. With the exception of the weak band at 78229 cm -1 , all of the bands are polarized indicating transitions to W = 0 or W = 1 states.
The assignments, effective quantum numbers and transition wavenumbers of the bands observed in the (3 + 1) REMPI spectrum are presented in Table 1 . While the two-photon spectrum is quite sparse and the assignments appear reliable, the three-and one-photon spectra are more congested and consequently the assignments are less certain. For example, in the three-photon spectrum the higher energy band of each pair of bands that are assigned to nd;1 states based on either ionic core can equally well be assigned to an (n + 2)s;1 state based on the same core.
D. The One-photon Absorption Spectrum
The band positions and intensity trends observed in the two-and three-photon spectra can throw new light on the analysis of the one-photon absorption spectrum which in turn is required to interpret the photoion-pair formation spectrum. The VUV absorption spectrum has been widely studied using various excitation sources. [12] [13] [14] [15] The positions reported by Causley and Russell 15 and Baig et al. 12 for bands below and above 84000 cm -1 , respectively, are also presented in Table 1 .
The reported analyses of the absorption spectrum all agree on the assignment of one np series converging on each of the first two IEs. However, the remainder of the spectrum has been assigned to varying combinations of ns, nd and nf states. [12] [13] [14] [15] We propose that of the ns and nd states only one W = 1 component of the 5s and 4d states based on each ionic core is observed with significant intensity and that all of the remaining structure consists of nf states. The assignment of the np series remains valid.
In summary, different propensities are observed for one-, two-and three-photon transitions in CH 3 Br in addition to the normal selection rules. In all three types of spectra, transitions to the lowest members of all nl Rydberg series are observed. As n increases, there are propensities for transitions to particular nl series to dominate in the different multiphoton spectra: np and nf states in one-photon, nd states in two-photon and nf states in three-photon. These propensities are now used to identify the states observed in the region in which the VUV laser-excited photoion-pair formation spectrum has been recorded.
E. Detailed Assignment of the 76500-78700 cm -1 Region
Using the criterion of the effective quantum number, n*, it is predicted that the [3/2] intensity in the one-photon spectrum. In order to assign the one-photon bands we first examine the three-photon spectrum since the propensities predict that the one-and three-photon spectra should be similar.
The VUV laser-excited photoion-pair formation spectrum, the (2 + 1) and (3 + 1) REMPI spectra over the range 76500-78700 cm -1 are shown in Figs. 1(a), (b) and (c), respectively. Seven bands can be immediately identified in the (3 + 1) REMPI spectra shown Fig. 1(c) . The polarization behavior indicates that, with the exception of the weak band indicated by a star, all of the bands are due, at least in part, to W = 0 or W = 1 states.
We are now in a position to assign the portion of the VUV laser-excited photoion-pair formation spectrum shown in Fig. 1(a) . be assigned as the second [1/2]6p;0 state that is too weak to be seen in the three-photon spectrum. It is seen in the one-photon spectrum because the propensity for transitions to np states in one-photon spectra is greater than in three-photon spectra. The two [3/2]5d states are probably not seen in the photoion-pair formation spectrum although the one that appears very strongly in the two-photon spectrum may make a weak contribution to Band 4. We tentatively assign Band 2, together with the very weak broad signal between the ion-pair formation threshold and Band 1 to vibronic structure associated chiefly with the [3/2]6p;0 state whose origin at 75822 cm -1 lies below the threshold for free ion-pair production and thus requires vibrational assistance.
The assignments of the bands observed in the spectra shown in Fig. 1 are presented in Table 2 . In general, we propose that the photoion-pair formation spectrum of CH 3 Br is comprised of the W = 0 components of the [3/2,1/2]np and nf Rydberg states whereas the absorption spectrum in the same region is comprised of both W = 0 and W = 1 components. Table 2 . (next page →)The assignments and transition wavenumbers of the bands observed in the photoion-pair formation and two-and three-photon REMPI spectra of CH 3 Br in the range 77000-79000 cm -1 . authors reported that the photoion-pair formation spectrum closely followed the absorption spectrum in the region that they investigated although detailed comparison was impossible because there was no comparable high-resolution absorption spectrum. We propose that there really are significant differences between the two spectra as described above but that these are not detectable because of the low resolution of the absorption spectrum.
The same authors also recorded photofragment images following excitation at five wavelengths, three on-resonance and two off-resonance with peaks in their photoion-pair formation spectrum. As the b parameters obtained at all five wavelengths were the same, they again concluded that the ion-pair state continuum was being directly excited. At the three on-resonance wavelengths the authors believed that both W = 0 and W = 1 states (in our description) were being excited, hence they expected to see different photodissociation dynamics when the different Rydberg states were excited but no such differences were observed. Again, we propose that resonances in the photoion-pair formation spectrum are due only to W = 0 states. is vibronic structure associated with the strong lower-energy W = 0 electronic origins. All of these bands will have similar bandwidths of ~70 cm -1 and will overlap to produce a pseudo-continuum of W = 0 Rydberg doorway states. The possibility still remains, of course, that the off-resonance ion-pair production is due, in part, to direct absorption into the ion-pair continuum. Conversely, it is difficult to explain why direct absorption into the ion-pair continuum would produce such a structured photoion-pair formation spectrum.
Finally, Xu et al. 1 contrasted the results of their photofragment imaging studies on CH 3 Br, in which the b parameter remained constant with wavelength, with those of Li et al. 16 on CH 3 F in which the b parameter varied significantly with wavelength. Since Li et al. 16 modeled their results using a mechanism that involved doorway Rydberg states, Xu et al. 1 concluded that their mechanism did not involve doorway Rydberg states. However, the excitations in the two molecules are not to equivalent energy regions and hence the mechanisms for ion-pair formation are not directly comparable. In the CH 3 F studies 16 the molecule is excited to energies well above the first IE and the proposed mechanism involves the initial excitation of Rydberg states converging on excited states of the parent ion. The mechanism proceeds via internal conversion to highly vibrationally excited levels of Ryberg states converging on the ground state of the ion and thence to the ion-pair continuum. In the CH 3 Br studies, the molecule is excited to energies below the first IE and the proposed mechanism involves initial excitation of Rydberg states converging on the ground state of the parent ion and thence to the ionpair continuum. If the timescale for the ion-pair formation, and hence the b parameter, is dictated in CH 3 F by the Rydberg-to-Rydberg transition, rather than the Rydberg-to-ion-pair continuum transition in CH 3 Br, then the photofragment imaging results may well be very different in the two studies.
Shaw et al. 2 recorded the synchrotron-excited photoion-pair formation and absorption spectra of CH 3 Br over the range 132-118 nm (75760-84750 cm -1 ). They reported that in the region between threshold and 80250 cm -1 there was little correlation between the peaks in the two spectra. It was argued that photoion-pair formation resulted from direct absorption into the ion-pair continuum because peaks in the ion production channel did not correspond to intense features in the absorption spectrum.
We believe that our proposed mechanism can also explain these observations. A peak in their photoion-pair formation spectrum always coincides with a significant though not necessarily a major feature in the absorption spectrum. As above, we propose that the difference between the two spectra is that the absorption spectrum contains W = 0 and W = 1 bands whereas the photoion-pair formation spectrum only contains W = 0 bands. For example, the intense absorption band estimated from their Shaw et al. 2 observed that the photoion-pair formation efficiency of CH 3 Br has a sharp onset at threshold and gradually increases as the transition wavenumber increases. This suggests that the strength of the coupling between the ion-pair state and the Rydberg doorway states increases likewise.
In contrast, in CH 3 Cl, the photoion-pair efficiency had no obvious sharp onset at threshold and only begins to increase appreciably ~4000 cm -1 above threshold. Thus, it appears that the coupling between the ion-pair state and the electronic origins of the Rydberg doorway states in CH 3 Cl only begins well above threshold. It is possible that coupling between the ion-pair state and the Rydberg doorway states with some vibrational modes excited does occur in this 4000 cm -1 region.
Since coupling between the ion-pair state and W = 0 Rydberg states occurs at threshold in CH 3 Br, it must continue over a certain range below threshold. This coupling will not result in photoion-pair formation but will produce a very dense manifold of vibronic levels with mixed Rydberg/ion-pair character centered on the position of the uncoupled Rydberg level. We would expect these coupled levels to be unresolvable and for them to appear as a single broad band. The band widths observed in the (2 + 1) REMPI appear to support this expectation. 
VI. Conclusions
Using data from more extended 2-and 3-photon REMPI spectra, we have assigned the spectroscopic character of the transitions observed in the 1-photon absorption spectrum of CH 3 Br. By comparing the structure in the absorption spectrum in the threshold region for ion-pair production with the structure in the photoion-pair production spectrum, we have assigned the latter almost entirely to  = 0 Rydberg states based on the lower members of the p and f series. A relatively small amount of broad, unstructured direct absorption into the ion-pair continuum may underlie this structure. These doorway Rydberg states may not be particularly prominent in the 1-photon absorption spectrum, but they are dominant in photoion-pair formation, which is sensitive to this type of homogeneous coupling.
